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Meningiomas are primary central nervous system (CNS) tumors that originate from the
arachnoid cells of the meninges. Recurrence occurs in higher grade meningiomas and
a small subset of Grade I meningiomas with benign histology. Currently, there are no
established circulating tumor markers which can be used for diagnostic and prognostic
purposes in a non-invasive way for meningiomas. Here, we aimed to identify potential
biomarkers of meningioma in patient sera. For this purpose, we collected preoperative
(n = 30) serum samples from the meningioma patients classified as Grade I (n =
23), Grade II (n = 4), or Grade III (n = 3). We used a high-throughput, multiplex
immunoassay cancer panel comprising of 92 cancer-related protein biomarkers to
explore the serum protein profiles of meningioma patients. We detected 14 differentially
expressed proteins in the sera of the Grade I meningioma patients in comparison to
the age- and gender-matched control subjects (n = 12). Compared to the control
group, Grade I meningioma patients showed increased serum levels of amphiregulin
(AREG), CCL24, CD69, prolactin, EGF, HB-EGF, caspase-3, and decreased levels of
VEGFD, TGF-α, E-Selectin, BAFF, IL-12, CCL9, and GH. For validation studies, we
utilized an independent set of meningioma tumor tissue samples (Grade I, n = 20;
Grade II, n = 10; Grade III, n = 6), and found that the expressions of amphiregulin
and Caspase3 are significantly increased in all grades of meningiomas either at the
transcriptional or protein level, respectively. In contrast, the gene expression of VEGF-D
was significantly lower in Grade I meningioma tissue samples. Taken together, our study
identifies a meningioma-specific protein signature in blood circulation of meningioma
patients and highlights the importance of equilibrium between tumor-promoting factors
and anti-tumor immunity.
Keywords: meningioma, proximity extension assay, biomarker, serum biomarker, CNS tumors, high-throughput
immunoassay cancer panel
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INTRODUCTION
Meningiomas account for 53.1% of all non-malignant brain
and other CNS tumors (1). The majority of meningiomas with
documented WHO grade is Grade I (80.6%) (1). These benign
tumors can remain dormant without causing any symptoms
for a long time, which arguably represents the major challenge
in early detection of meningiomas (2). Intriguingly, recurrence
frequently occurs in tumors with benign histology, and recent
studies revealed that coexistence of del(1p36) and monosomy
14 is associated with early recurrence of meningiomas (3).
Mutations or deletions on the NF2 gene, which is located on
22q12.2 locus and encodesMerlin, have been originally described
in meningiomas as an oncogenic driver gene (4). However,
recent studies showed that other genetic alterations in TRAF7,
PIK3CA, KLF4, POLR2A AKT1, SMO, SUFU, and SMARCB1
genes are involved in meningioma pathogenesis (5–8). Grade
II and III meningiomas are also associated with few specific
recurrent somatic mutations, such as SMARCE1 mutations
in clear cell meningioma and BAP1 mutation in a subset of
rhabdoid meningiomas (9). Treatment protocol for meningomas
is closely associated with tumor location, grade and includes
surgery followed by fractionated external beam radiation therapy
(EBRT) (10).
To date, no consensus has been established on specific
biomarkers toward early diagnosis or prognosis for
meningiomas. Most CNS tumors are currently diagnosed
primarily radiology-based modalities like CT or MRI scans
followed by validation with genetic or IHC-based diagnostic
markers. The major challenge in the radiology-based technology
is that the tumors can be detected only when they reach to a
certain size, which creates worse prognostic risk as tumor is
transformed from benign to malignant forms.
While CT and MRI are usually sufficient for diagnosis of
meningiomas, other tumors and diseases may radiologically
mimic meningioma and complicates the diagnosis (11). In
addition, imaging modalities are only able to detect tumors
when they reach a certain size. Given the slow growth rate
of meningiomas, these tumors may remain undiagnosed for
extended periods of time. Grade I meningiomas have a mean
tumor age of >20 years, highlighting requirement of longer
time periods to diagnose tumor. Furthermore, the average time
between initial cell transformation and detection of tumor mass
has been reported as 26.3 years in fibrous meningiomas, and
17.8 years in meningothelial meningiomas (12). Slow growth
rate of meningiomas also complicates early prediction of the
meningioma progression, and recurrence that occurs in ∼30%
of Grade I meningiomas, 50% of Grade II and 80% of Grade III
meningiomas (13, 14).
Currently, there is no serum-based diagnostic and/or
prognostic marker available to monitor transition stages
of meningiomas from benign state to malignant form.
Identification of such markers would not only improve
early detection of meningioma, but also improve survival rate of
meningioma patients.
Proteomics analysis has been used to investigate disease
pathophysiology and identify potential surrogate disease markers
for brain tumors (15–18). However, only a small number of
reports focused on protein profiling of meningioma tumor
specimens (19, 20) and serum samples (21). The majority of
proteomics studies employed meningioma tumor tissues (22–
25), while others used biological fluids, such as cerebrospinal fluid
and serum (21).
In this study, for the search of potential biomarkers
for meningiomas, we used a high-throughput, multiplex
immunoassay cancer panel based on the proximity extension
assay (PEA) to screen a set of 92 cancer-related protein markers.
The serum protein expression profiles of Grade I (benign,
n = 23), Grade II (atypical, n = 4), and Grade III (anaplastic,
n = 3) meningioma patients were analyzed in relation to the
healthy control subjects (n = 12). Furthermore, our validation
studies using an independent set of meningioma tumor tissues
(Grade I, n= 20; Grade II, n= 10; and Grade III, n= 6) identifies
a protein biomarker signature in meningioma patient sera.
MATERIALS AND METHODS
Study Population
The screening cohort consisted of Grade I (n= 23), Grade II (n=
4), and Grade III (n= 3) meningioma patients. The independent
validation cohort consisted of Grade I (n = 20), Grade II (n =
10), Grade III (n = 6) meningioma patient tissue samples that
were collected after the surgery and stored at −80◦C. Patients
were operated at the Vienna General Hospital (Vienna, Austria).
This study was carried out in accordance with the Good Scientific
Practice recommendations of the ethics committee of Medical
University of Vienna. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol was
approved by the local ethics committee of the Medical University
of Vienna.
Serum Collection
Preoperative blood samples were collected before any therapeutic
intervention (surgery, chemotherapy, radiotherapy). Blood
samples were let to stand at 4◦C for 60min, and then centrifuged
at 1,100× g for 10min. Serum samples were aliquoted and stored
at−80◦C.
Protein Detection With Proximity Extension
Assay (PEA)
Serum samples from Grade I (n = 23), Grade II (n = 4), and
Grade III (n = 3) meningioma patients were delivered to AIT
Molecular Diagnostics. Age- and gender-matched control serum
samples (n = 12) were provided by AIT Molecular Diagnostics.
OLINK ProSeek Oncology-I Panel was used to detect expression
of 92 cancer-related proteins (https://www.olink.com/products/
oncology) (Supplementary Table 1). Briefly, 1µL serum samples
were incubated with 92 antibody pairs of oligonucleotide-
labeled antibodies. Binding of the antibody pair to the
antigen brings the oligonucleotides to close proximity, and
a new PCR target sequence is formed by a proximity-
dependent DNA polymerization event. The resulting sequence is
subsequently detected and quantified by high-throughput real-
time PCR (BioMarkTMHD System, Fluidigm Corporation). The
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fluorescent signals generated in real-time PCR directly correlates
with protein abundance. Raw Cq values were normalized by
subtracting the Cq values for the extension control and compared
to that of the corresponding background reaction. The resulting
ddCq values were used for further analysis and represented as
Normalized Protein Expression (NPE) in Log2 scale.
Functional Analysis
Differentially expressed proteins (FDR = 0.01) identified in
Reproducibility-optimized test statistic (ROTS) were analyzed
with the PANTHER database version 14.0 (http://www.
pantherdb.org/) (26). The list of proteins was uploaded and
mapped against the reference dataset (Homo sapiens).
Real Time-qPCR
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) was used to reverse transcribe 1,000 ng of total
RNA. Quantitative real-time PCR reactions were performed
using the Universal PCR Master Mix (Thermo Scientific) on a
7300 Real-Time PCR system (Applied Biosystems). 1Ct values
were calculated according to the following formula (27): 1Ct
= CtTarget – CTReference. This equation considers Ct values to be
proportional to the negative logarithm of gene expression. Thus,
1Ct values are positively related to the expression of gene of
interest. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a reference gene to normalize gene expression.
Primer sequences are shown in Supplementary Table 3.
Western Blotting
Western blotting was performed as previously described
(28). The following primary antibodies were used: Caspase-
3 (1:2,000, BD Biosciences) and beta-actin (1:5,000, Sigma-
Aldrich). Densitometric analysis was performed on scanned
blot images. Images were transformed to gray-scale on ImageJ
software (v.1.50i, National Institutes of Health, USA). For each
blot, a lane normalization factor was calculated by dividing the
signal of each loading control band with that of the highest signal
of loading control on the blot. The calculated lane normalization
factor was then used to normalize caspase 3 band signals.
Statistical Analysis
Reproducibility-optimized test statistic (ROTS) algorithm
(26) was used to identify differentially expressed proteins.
Comparisons were done between Grade I preoperative samples
and control samples. The default parameters (B= 1,000, K = 19)
were used for all comparisons. Proteins with a false discovery
rate (FDR) below 0.01 were considered as significant.
RStudio version 1.1.414 and Prism version 8.0.1 (GraphPad
Inc.) were used for statistical analysis. Multiple tests (Anderson-
Darling, D’Agostino and Pearson, Shapiro-Wilk, and
Kolmogorov-Smirnov tests) were used to test for log-normal
distribution. For proteins that followed normal distribution,
paired t-test was used to compare protein expression between the
samples. For proteins that did not follow normal distribution,
Wilcoxon matched-pairs signed rank test was used. Brown-
Forsythe ANOVA test with Dunnett’s multiple comparison was
used to compare mRNA expression levels among meningioma
grades. P < 0.05 were considered statistically significant.
RESULTS
Serum Protein Profiling With a
High-Throughput, Multiplex Immunoassay
Cancer Panel Using the Proximity
Extension Assay
To identify protein biomarkers associated with meningioma,
we used a high-throughput, multiplex immunoassay cancer
panel consisting of 92 putative cancer-related human
proteins that are involved in key biological processes, such
as angiogenesis, cell-to-cell signaling, cell-cycle control, and
inflammation which play central roles in cancer metabolism.
The putative protein biomarkers that are selected based on
the analyses of commonly used bioinformatic databases [e.g.,
Uniprot, Human Protein Atlas, Gene Ontology (GO), and
DisGeNET] are then classified according to their functional
protein groups, roles in biological processes, associations
with diseases, and expression patterns in tissues (Olink
Proteomics) (Supplementary Table 1). The multiplex nature
of this immunoassay-based cancer panel enables simultaneous
analysis of large sample numbers, and its coupling with the PEA
technology provides uncompromised data quality. Thus, taking
advantage of this technology, we analyzed 30 serum samples
obtained from meningioma patients prior to the surgery, and
12 control serum samples from the age- and gender-matched
healthy subjects.
Our results showed that 14 proteins were differentially
expressed in the Grade I meningioma patients compared to
healthy control subjects (Figure 1). Of those, seven proteins,
caspase-3, CD69, prolactin, epidermal growth factor (EGF),
chemokine (C-C) ligand 24 (CCL24), amphiregulin (AREG),
and heparin-binding EGF (HB-EGF) were highly expressed in
the Grade I meningioma samples (Figure 1B), while, the other
seven proteins, vascular endothelial growth factor D (VEGF-
D), transforming growth factor alpha (TGF-α), E-selectin, B-
cell activating factor (BAFF), interleukin-12 (IL-12), chemokine
(C-C motif) ligand 9 (CCL9), and Growth Hormone were
reduced in the meningioma serum samples, compared to
healthy control subjects (Figure 1C andTable 1). The PANTHER
pathway analyses revealed that differentially expressed proteins
are linked to the EGF receptor signaling (EGF, amphiregulin,
HB-EGF, TGF-α), apoptosis (caspase-3), immunomodulation
(prolactin, CD69, CCL24, IL-12, CCL9, BAFF), and angiogenesis
(VEGF-D). Of note, the expression levels of 16 analytes were
below the limit of detection in more than 20% of all samples.
These markers were excluded from the downstream analyses
(Supplementary Table 2).
We further questioned whether the differentially
expressed proteins detected in the blood circulation of
the meningioma patients were correlated with the tumor
grade. Although the patterns of the protein profiles of the
Grade II and Grade III patients were comparable to that
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FIGURE 1 | Differentially expressed proteins between meningioma patients and control subjects. ROTS algorithm was used to identify differentially expressed proteins
between Grade I meningioma patients and healthy control subjects (A). Heatmap visualization of differentially expressed proteins (B,C). Comparison of protein levels
across tumor grades (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
of the Grade I patients, we were unable to statistically
analyze the differences between these groups due to the
small sample sizes of Grade II (n = 4) and Grade III
(n= 3) patients.
Validation Cohort Using an Independent
Set of Meningioma Tumor Tissues
For validation studies, we enrolled an independent set of 49
meningioma tissue samples including Grade I, n = 20; Grade II,
n= 10; grade III, n= 6, as well as NormalWhite Matter (NWM),
n = 13 as control tissue samples. As shown in Figure 2A, we
found a significant increase in the gene expression levels of
amphiregulin in the Grade I meningiomas, while the VEGF-
D mRNA levels were relatively decreased, compared to the
control NWM tissue samples. In addition, we analyzed the
protein expression levels of Caspase 3 enzyme in the tissue
samples, and found that the protein levels of Caspase 3 are
significantly higher in all grades of meningioma tissue samples
compared to the control group (Figures 2B,C). We did not
observe significant difference in the gene expression profiles
of CD69, BAFF, HB-EGF, E-Selectin (Supplementary Figure 1)
suggesting that these proteins may not exclusively originate
from meningioma tumor cells, but rather may be secreted from
other cell types, such as immune system cells that circulate in
the bloodstream.
DISCUSSION
Identification of non-invasive protein biomarkers has been a
great interest for cancer diagnosis. In this study, we searched for
putative cancer biomarkers that can be used for diagnostic and
prognostic purposes in meningioma patients. For this discovery
study, we employed a commercial cancer panel based on a high-
throughput, multiplex immunoassay that is equipped with the
PEA technology, and detected serum protein profiles of the
meningioma patients (n = 30) in comparison to the control
subjects (n = 12). By taking advantage of the technology of
PEA that requires low sample input to carry out multiplexed
assays with good sensitivity and specificity (29, 30), we identified
14 differentially expressed proteins in the sera of the Grade
I meningioma patients relative to the healthy control subjects
(Figures 1A–C). In addition, the proteins differentially expressed
in the Grade I meningioma patient sera were also detected in
a small set of Grade II (n = 4) and Grade III (n = 3) patient
sera (Figures 1A,B). However, due to the small sample size
of higher grade meningioma patient samples, we were unable
to determine how significantly protein expressions differed
between the tumor grades. In order to validate our potential
biomarkers, we utilized an independent cohort containing 36
meningioma tumor samples, and found that amphiregulin and
Caspase 3 are significantly increased in meningioma tumor
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Caspase-3 2.13 4.38 0 0.00
CD69 2.09 4.27 3.29E-05 0.00
Prolactin 1.37 2.58 4.47E-04 0.00
EGF 1.18 2.26 2.89E-03 0.00
CCL24 0.79 1.72 8.68E-03 0.00
Amphiregulin 0.78 1.72 5.66E-03 0.00
HB-EGF 0.76 1.69 2.16E-03 0.00
VEGFD −0.61 0.66 8.64E-03 0.00
TGF-α −0.67 0.63 9.88E-03 0.00
E-selectin −0.69 0.62 9.55E-03 0.00
BAFF −0.93 0.53 4.54E-04 0.00
IL-12 −1.00 0.50 8.41E-03 0.00
CCL9 −1.33 0.40 2.89E-04 0.00
Growth
Hormone
−1.66 0.32 1.82E-03 0.00
FC, fold change; FDR, false discovery rate.
tissues, while VEGF-D is relatively lower in comparison to the
control NWM tissue samples (Figure 2). The other candidate
proteins, Prolactin, HB-EGF, E-Selectin, CD69, and BAFF that
were emerged from the cancer-panel protein screening were not
detected in our independent set of meningioma tissue specimens
(Supplementary Figure 1).
In our study, caspase-3 emerged as the top differentially
expressed protein showing increased expression levels in our
dataset of the meningioma patient sera (n = 30). Caspase-
3 is a central effector of apoptosis (31). However, sublethal
activation of caspase-3 has been shown to promote genetic
instability and carcinogenesis (32). In addition, caspase-3 was
proposed to play a key role in the repopulation of tumors
in response to radiotherapy, and its activity is correlated with
increased rate of recurrence and death in cancer patients (33).
Our findings showing increased serum levels of caspase-3 are
supported by an earlier study reporting an increased caspase-
3 immunoreactivity in meningioma tissues, in which Grade II
and Grade III meningioma tissues exhibited higher scores of
immunopositivity relative to the benign Grade I meningioma
tissues (34). In addition, the same study identified caspase-3 as an
independent predictor of early recurrence (34). Elevated serum
caspase-3 levels in meningioma patients, along with its reported
increased tissue levels, may indicate a clinical value for caspase-
3 in meningioma as a predictive marker of benign-to-malignant
transformation. In line with our study, a recent study has also
shown that increased caspase-3 expression in primary atypical
and malignant meningiomas is correlated with the higher grade
of meningioma (35).
CD69, an early activation marker of lymphocytes and natural
killer cells (36) is another hit detected in our screening
study. CD69 is an important regulator of immune responses
that take part in cytokine release, homing and migration of
lymphocytes (37, 38). However, the state of tissue environment
and cytokine spectrum could differentially regulate its role in
immune responses (39). In murine models, CD69 deficiency
is associated with enhanced anti-tumor immunity and longer
survival (40). Recently, CD69 has been indicated in the induction
of T cell exhaustion in a breast cancer tumor model in mice,
where anti-CD69 antibody treatment was proven to enhance
anti-tumor activity, pointing CD69 as a novel target for cancer
immunotherapy (41). On the contrary, high levels of tumor-
infiltrating CD4+CD69+ T cells are associated with good
prognosis in head and neck squamous cell carcinoma (42). In
meningioma, an increased infiltration of CD69+ lymphocytes,
along with tissue macrophages and natural killer cells has been
reported, which is specifically associated with the cases carrying
a distinct cytogenetic profile of isolated monosomy 22/del(22q)
that shows a better prognosis (43). Thus, increased infiltration of
meningiomas by activated lymphocytes including CD69+ subsets
may be associated with immune surveillance, and elimination
of tumor cells that restricts the tumor growth (43). Given that
our study identified CD69 as a putative serum biomarker in
meningiomas, it is plausible to think that this may be caused
by the increased presence of tumor growth-limiting CD69+
lymphocytes in the circulation of Grade I meningioma patients.
However, further studies are required to investigate the presence
of CD69+ lymphocytes in the blood stream of the meningioma
patients and its correlation with serum CD69 protein for possible
clinical applications.
Our study identified two different ligands of EGFR,
amphiregulin (AREG) and heparin-binding EGF (HB-EGF)
that are elevated in the sera of Grade I meningioma patients.
Among those, our validation studies showed that the expression
of amphiregulin is significantly upregulated in the meningioma
tumor tissues, compared to the control NWM specimens.
Amphiregulin is a secreted EGFR ligand that regulates cellular
growth and differentiation, immunity, inflammation, and tissue
repair (44, 45), and it is overexpressed in a variety of cancers
(44, 46, 47). Amphiregulin is originally described as an epithelial-
and mesenchymal cell-derived factor, however, recent studies
show that it is expressed by multiple populations of activated
immune cells including dendritic cells and CD4+ T cells (45).
It is likely that elevated levels of amphiregulin in meningioma
patient sera may reflect the response of immune system and/or
the ongoing tissue repair owing to the tumor mass. Alternatively,
amphiregulin and HB-EGF may act as activators of EGFR that
is overexpressed in meningiomas, supporting tumor growth and
malignancy (48).
Prolactin was found in elevated levels in the sera of our
Grade I meningioma patient group in our study. However, we
did not detect an increase in prolactin levels in meningioma
tissues. Interestingly, some increase in prolactin receptor levels in
meningiomas has been also reported earlier (49, 50). Considering
that prolactin stimulates growth of primary meningioma cells
in vitro (51), further studies are necessary to reveal the clinical
importance of serum prolactin levels in meningioma patients.
CCL24 is a chemokine with well-studied roles in allergies
(52). In the context of cancer, CCL24 expression has been shown
to associate with poor prognosis in colorectal cancer and also
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FIGURE 2 | Validation studies of cancer-panel protein screening candidates. For validation studies, by using an independent meningioma tissue specimen set, n = 36
[Grade I (n = 20), Grade II (n = 10), and Grade III (n = 6)], the expressions of the indicated genes were analyzed by RT-qPCR, Normal white matter (NWM) tissue
samples were used as control (AREG, NWM vs. Grade I, ****p < 0.0001, Brown-Forsythe ANOVA test with Dunnett’s multiple comparison; VEGF-D, NWM vs. Grade I,
**p < 0.01, Brown-Forsythe ANOVA test with Dunnett’s multiple comparison) (A). Western blot images showing caspase-3 protein expression in tumor lysates
obtained from Grade I (n = 18), Grade II (n = 10), and Grade III (n = 7) meningiomas (B). Densitometric analysis of Western blot bands (NWM vs. Grade I, ***p <
0.001, Brown-Forsythe ANOVA test with Dunnett’s multiple comparison; NWM vs. Grade II, and NWM vs. Grade III, *p < 0.05, Brown-Forsythe ANOVA test with
Dunnett’s multiple comparison) (C).
contribute to hepatocellular carcinomamalignancy via the RhoB-
VEGFA-VEGFR2 angiogenesis pathway (53, 54). In our study,
we detected slightly higher serum levels of CCL24 in Grade
I meningioma patients in comparison to the control subjects.
However, clinical value of this finding is yet to be understood
in meningiomas.
IL-12 is a cytokine that is mainly produced by antigen-
presenting cells, and it has well-established anti-tumor activity
(55, 56). IL-12 serum levels were found relatively reduced in
meningioma and glioblastoma patients (57). Consistently, our
study revealed that Grade I meningioma patients have reduced
serum IL-12 levels compared to the control subjects.
VEGF plays a pivotal role in angiogenesis, and its expression
in meningiomas was reported to associate with unfavorable
prognosis and recurrence (58–60). Intriguingly, several studies
addressing serum VEGF levels in meningioma depicted some
contradictory results. Stockhammer et al. reported that serum
VEGF-A concentration is higher in patients with central nervous
system tumors, including meningioma, than in patients with
no tumor diagnosis (61). Nowacka et al. reported higher serum
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VEGF-A levels in meningioma patients (62). In our study, we
detected that the serum levels of VEGF-D, a member of the
VEGF family that plays a role in glioblastoma angiogenesis (63),
is relatively lower in the Grade I meningioma patients compared
to the control subjects. Furthermore, we showed that the gene
expression of VEGF-D is significantly lower in meningioma
tumor tissues relative to the control NWM tissues. In line with
our findings, another group reported lower serum levels of VEGF
in meningioma patients where control subjects had higher levels
of serum VEGF (64). Although the exact mechanism of lower
serum and tissue levels of VEGF in meningioma is unknown,
further research is required if VEGF levels could have some
prognostic value in following up tumor recurrence.
B-cell activating factor (BAFF), a member of the TNF
superfamily is one of the critical factors controlling B-cell
homeostasis, and its interaction with its ligand/receptor regulates
the survival and proliferation of malignant cells (65, 66).
High BAFF serum levels have been detected in autoimmune
disorders, including rheumatoid arthritis and systemic lupus
erythematosus, as well as in the malignancies, such as non-
Hodgkin’s lymphoma, B-CLL, and multiple myeloma (65).
Interestingly, BAFF is expressed in astrocytes and astrocyte-
derived BAFF promotes B-cell survival in multiple sclerosis and
primary CNS lymphoma (67). Our findings revealing low levels
of circulating BAFF in Grade I meningioma might indicate an
autocrine control of the BAFF system that can counteract the
malignant progression of meningiomas.
Similarly, we observed that the patients with Grade I
meningioma had lower levels of serum E-selectin, compared to
the healthy control subjects. Given the roles of selectins in cancer
progression and metastasis (68), low levels of E-selectin might
reflect the benign state of meningiomas.
Chemokines and their receptors play important roles
in determining the metastatic destination of cancers (69).
Chemokine CCL9 (MIP-1γ) is a ligand for the CCR1/CD191
receptor present on T cells, monocytes, macrophages, some
myeloid-derived suppressor cells, and osteoclasts (70), and it
is a potent chemo-attractant for immune cells (71). Moreover,
CCL9/CCR1 signaling has been shown to recruit myeloid
progenitors to tumor area, leading to progression of adenomas
to carcinomas and also enhancing tumor invasion (70, 72–74).
CCL9 has also been suggested as a fair candidate for anti-
metastasis treatment of cancer (75). In our study, circulating
CCL9 appeared to be lower in Grade I meningioma relative to the
control group, in a similar way to the serum levels of VEGF, BAFF,
E-selectin, and IL-12. It is conceivable to postulate that low serum
levels of CCL9, VEGF, BAFF, E-selectin, and IL-12 might reflect
the benign state of the disease that may be used for monitoring
the tumor progression from benign to malignant form.
In sum, this study provides a list of candidate proteins that
could potentially be utilized as diagnostic/prognostic circulating
biomarkers of meningioma. Our validation studies in an
independent set of meningioma tissue specimens provide further
evidence that caspase-3, amphiregulin and VEFG-D might
be promising markers to monitor the status of meningiomas
through a non-invasive manner by using patient blood.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.
ETHICS STATEMENT
Patients were operated at the Vienna General Hospital (Vienna,
Austria). This study was carried out in accordance with the Good
Scientific Practice recommendations of the ethics committee of
Medical University of Vienna. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by the local ethics committee of the
Medical University of Vienna.
AUTHOR CONTRIBUTIONS
OS and NS conceived and designed the study. CD provided
the blood samples. EE isolated the serum samples. AW and MS
conducted the serum analysis. TS performed the RT-qPCR and
WB experiments. EE and TS analyzed the data. EE, NS, and OS
wrote the manuscript. All authors read and approved the final
version of the manuscript.
SUPPLEMENTARY MATERIAL




1. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS.
CBTRUS statistical report: primary brain and other central nervous system
tumors diagnosed in the United States in 2011–2015. Neuro Oncol. (2018)
20:iv1–86. doi: 10.1093/neuonc/noy131
2. Gupta S, Mukherjee S, Syed P, Pandala NG, Choudhary S, Singh
VA, et al. Evaluation of autoantibody signatures in meningioma
patients using human proteome arrays. Oncotarget. (2017) 8:58443–56.
doi: 10.18632/oncotarget.16997
3. Maillo A, Orfao A, Espinosa AB, Sayagues JM, Merino M, Sousa P,
et al. Early recurrences in histologically benign/grade I meningiomas
are associated with large tumors and coexistence of monosomy 14 and
del(1p36) in the ancestral tumor cell clone. Neuro Oncol. (2007) 9:438–46.
doi: 10.1215/15228517-2007-026
4. Trofatter JA, MacCollin MM, Rutter JL, Murrell JR, Duyao MP, Parry
DM, et al. A novel moesin-, ezrin-, radixin-like gene is a candidate
for the neurofibromatosis 2 tumor suppressor. Cell. (1993) 75:791–800.
doi: 10.1016/0092-8674(93)90406-G
5. Abedalthagafi M, Bi WL, Aizer AA, Merrill PH, Brewster R, Agarwalla PK,
et al. Oncogenic PI3Kmutations are as common as AKT1 and SMOmutations
in meningioma. Neuro Oncol. (2016) 18:649–55. doi: 10.1093/neuonc/nov316
6. Bacci C, Sestini R, Provenzano A, Paganini I, Mancini I, Porfirio B,
et al. Schwannomatosis associated with multiple meningiomas due
Frontiers in Oncology | www.frontiersin.org 7 October 2019 | Volume 9 | Article 1031
Erkan et al. Circulating Tumor Markers in Meningiomas
to a familial SMARCB1 mutation. Neurogenetics. (2010) 11:73–80.
doi: 10.1007/s10048-009-0204-2
7. Brastianos PK, Horowitz PM, Santagata S, Jones RT,McKenna A, Getz G, et al.
Genomic sequencing of meningiomas identifies oncogenic SMO and AKT1
mutations. Nat Genet. (2013) 45:285–9. doi: 10.1038/ng.2526
8. Clark VE, Erson-Omay EZ, Serin A, Yin J, Cotney J, Ozduman K,
et al. Genomic analysis of non-NF2 meningiomas reveals mutations
in TRAF7, KLF4, AKT1, and SMO. Science. (2013) 339:1077–80.
doi: 10.1126/science.1233009
9. BiWL,WuWW, Santagata S, ReardonDA,Dunn IF. Checkpoint inhibition in
meningiomas. Immunotherapy. (2016) 8:721–31. doi: 10.2217/imt-2016-0017
10. Rogers L, Barani I, Chamberlain M, Kaley TJ, McDermott M, Raizer J, et al.
Meningiomas: knowledge base, treatment outcomes, and uncertainties. A
RANO Rev J Neurosurg. (2015) 122:4–23. doi: 10.3171/2014.7.JNS131644
11. Nowosielski M, Galldiks N, Iglseder S, Kickingereder P, von Deimling A,
Bendszus M, et al. Diagnostic challenges in meningioma. Neuro Oncol. (2017)
19:1588–98. doi: 10.1093/neuonc/nox101
12. Huttner HB, Bergmann O, Salehpour M, El Cheikh R, Nakamura M, Tortora
A, et al. Meningioma growth dynamics assessed by radiocarbon retrospective
birth dating. EBioMed. (2018) 27:176–81. doi: 10.1016/j.ebiom.2017.12.020
13. Adegbite AB, Khan MI, Paine KW, Tan LK. The recurrence of intracranial
meningiomas after surgical treatment. J Neurosurg. (1983) 58:51–6.
doi: 10.3171/jns.1983.58.1.0051
14. de Almeida AN, Pereira BJA, Pires Aguiar PH, PaivaWS, Cabrera HN, da Silva
CC, et al. Clinical outcome, tumor recurrence, and causes of death: a long-
term follow-up of surgically treated meningiomas. World Neurosurg. (2017)
102:139–43. doi: 10.1016/j.wneu.2017.03.009
15. Gautam P, Nair SC, Gupta MK, Sharma R, Polisetty RV, Uppin MS, et al.
Proteins with altered levels in plasma from glioblastoma patients as revealed
by iTRAQ-based quantitative proteomic analysis. PLoS ONE. (2012) 7:e46153.
doi: 10.1371/journal.pone.0046153
16. Gollapalli K, Ray S, Srivastava R, Renu D, Singh P, Dhali S, et al.
Investigation of serum proteome alterations in human glioblastoma
multiforme. Proteomics. (2012) 12:2378–90. doi: 10.1002/pmic.201200002
17. Ray S, Reddy PJ, Jain R, Gollapalli K, Moiyadi A, Srivastava S.
Proteomic technologies for the identification of disease biomarkers in
serum: advances and challenges ahead. Proteomics. (2011) 11:2139–61.
doi: 10.1002/pmic.201000460
18. Whittle IR, Short DM, Deighton RF, Kerr LE, Smith C, McCulloch
J. Proteomic analysis of gliomas. Br J Neurosurg. (2007) 21:576–82.
doi: 10.1080/02688690701721691
19. Herrmann A, Ooi J, Launay S, Searcy JL, Deighton RF, McCulloch
J, et al. Proteomic data in meningiomas: post-proteomic analysis can
reveal novel pathophysiological pathways. J Neurooncol. (2011) 104:401–10.
doi: 10.1007/s11060-010-0526-9
20. Saydam O, Senol O, Schaaij-Visser TB, Pham TV, Piersma SR,
Stemmer-Rachamimov AO, et al. Comparative protein profiling reveals
minichromosome maintenance (MCM) proteins as novel potential
tumor markers for meningiomas. J Proteome Res. (2010) 9:485–94.
doi: 10.1021/pr900834h
21. Sharma S, Ray S, Moiyadi A, Sridhar E, Srivastava S. Quantitative proteomic
analysis of meningiomas for the identification of surrogate protein markers.
Sci Rep. (2014) 4:7140. doi: 10.1038/srep07140
22. Bouamrani A, Ramus C, Gay E, Pelletier L, Cubizolles M, Brugiere S, et al.
Increased phosphorylation of vimentin in noninfiltrative meningiomas. PLoS
ONE. (2010) 5:e9238. doi: 10.1371/journal.pone.0009238
23. Okamoto H, Li J, Vortmeyer AO, Jaffe H, Lee YS, Glasker S, et al. Comparative
proteomic profiles of meningioma subtypes.Cancer Res. (2006) 66:10199–204.
doi: 10.1158/0008-5472.CAN-06-0955
24. Parada CA, Osbun J, Kaur S, Yakkioui Y, Shi M, Pan C, et al. Kinome and
phosphoproteome of high-grade meningiomas reveal AKAP12 as a central
regulator of aggressiveness and its possible role in progression. Sci Rep. (2018)
8:2098. doi: 10.1038/s41598-018-19308-y
25. Varlotto J, Flickinger J, Pavelic MT, Specht CS, Sheehan JM, Timek DT, et al.
Distinguishing grade I meningioma from higher grade meningiomas without
biopsy. Oncotarget. (2015) 6:38421–8. doi: 10.18632/oncotarget.5376
26. Suomi T, Seyednasrollah F, Jaakkola MK, Faux T, Elo LL. ROTS:
An R package for reproducibility-optimized statistical testing.
PLoS Comput Biol. (2017) 13:e1005562. doi: 10.1371/journal.pcbi.10
05562
27. Jones MR, Dilai S, Lingampally A, Chao CM, Danopoulos S, Carraro G,
et al. A comprehensive analysis of fibroblast growth factor receptor 2b
signaling on epithelial tip progenitor cells during early mouse lung branching
morphogenesis. Front Genet. (2018) 9:746. doi: 10.3389/fgene.2018.00746
28. Strobel T, Madlener S, Tuna S, Vose S, Lagerweij T, Wurdinger T, et al. Ape1
guides DNA repair pathway choice that is associated with drug tolerance in
glioblastoma. Sci Rep. (2017) 7:9674. doi: 10.1038/s41598-017-10013-w
29. Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB,
Ekman D, et al. Homogenous 96-plex PEA immunoassay exhibiting high
sensitivity, specificity, and excellent scalability. PLoS ONE. (2014) 9:e95192.
doi: 10.1371/journal.pone.0095192
30. Thorsen SB, Lundberg M, Villablanca A, Christensen SL, Belling KC, Nielsen
BS, et al. Detection of serological biomarkers by proximity extension assay for
detection of colorectal neoplasias in symptomatic individuals. J Transl Med.
(2013) 11:253. doi: 10.1186/1479-5876-11-253
31. Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled demolition at the
cellular level. Nat Rev Mol Cell Biol. (2008) 9:231–41. doi: 10.1038/nrm2312
32. Liu X, He Y, Li F, Huang Q, Kato TA, Hall RP, et al. Caspase-3
promotes genetic instability and carcinogenesis. Mol Cell. (2015) 58:284–96.
doi: 10.1016/j.molcel.2015.03.003
33. Huang Q, Li F, Liu X, Li W, Shi W, Liu FF, et al. Caspase 3-mediated
stimulation of tumor cell repopulation during cancer radiotherapy. Nat Med.
(2011) 17:860–6. doi: 10.1038/nm.2385
34. Konstantinidou AE, Givalos N, Gakiopoulou H, Korkolopoulou P, Kotsiakis
X, Boviatsis E, et al. Caspase-3 immunohistochemical expression is a
marker of apoptosis, increased grade and early recurrence in intracranial
meningiomas. Apoptosis. (2007) 12:695–705. doi: 10.1007/s10495-006-0001-4
35. Vranic A. Caspase-3 and survivin expression in primary atypical
and malignant meningiomas. ISRN Neurosci. (2013) 2013:626290.
doi: 10.1155/2013/626290
36. Gonzalez-Amaro R, Cortes JR, Sanchez-Madrid F, Martin P. Is CD69 an
effective brake to control inflammatory diseases? Trends Mol Med. (2013)
19:625–32. doi: 10.1016/j.molmed.2013.07.006
37. Radulovic K, Rossini V, Manta C, Holzmann K, Kestler HA, Niess JH.
The early activation marker CD69 regulates the expression of chemokines
and CD4T cell accumulation in intestine. PLoS ONE. (2013) 8:e65413.
doi: 10.1371/journal.pone.0065413
38. Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, et al. CD69 acts
downstream of interferon-alpha/beta to inhibit S1P1 and lymphocyte egress
from lymphoid organs. Nature. (2006) 440:540–4. doi: 10.1038/nature04606
39. Cibrian D, Sanchez-Madrid F. CD69: from activation marker to metabolic
gatekeeper. Eur J Immunol. (2017) 47:946–53. doi: 10.1002/eji.201
646837
40. Esplugues E, Sancho D, Vega-Ramos J, Martinez C, Syrbe U, Hamann A, et al.
Enhanced antitumor immunity in mice deficient in CD69. J Exp Med. (2003)
197:1093–106. doi: 10.1084/jem.20021337
41. Mita Y, Kimura MY, Hayashizaki K, Koyama-Nasu R, Ito T, Motohashi
S, et al. Crucial role of CD69 in anti-tumor immunity through regulating
the exhaustion of tumor-infiltrating T cells. Int Immunol. (2018) 30:559–67.
doi: 10.1093/intimm/dxy050
42. Badoual C, Hans S, Rodriguez J, Peyrard S, Klein C, Agueznay
Nel H, et al. Prognostic value of tumor-infiltrating CD4+ T-cell
subpopulations in head and neck cancers. Clin Cancer Res. (2006) 12:465–72.
doi: 10.1158/1078-0432.CCR-05-1886
43. Domingues PH, Teodosio C, Otero A, Sousa P, Ortiz J, Macias Mdel
C, et al. Association between inflammatory infiltrates and isolated
monosomy 22/del(22q) in meningiomas. PLoS ONE. (2013) 8:e74798.
doi: 10.1371/journal.pone.0074798
44. Busser B, Sancey L, Brambilla E, Coll JL, Hurbin A. The multiple roles of
amphiregulin in human cancer. Biochim Biophys Acta. (2011) 1816:119–31.
doi: 10.1016/j.bbcan.2011.05.003
45. Zaiss DMW, Gause WC, Osborne LC, Artis D. Emerging functions of
amphiregulin in orchestrating immunity, inflammation, and tissue repair.
Immunity. (2015) 42:216–26. doi: 10.1016/j.immuni.2015.01.020
46. Berasain C, Avila MA. Amphiregulin. Semin Cell Dev Biol. (2014) 28:31–41.
doi: 10.1016/j.semcdb.2014.01.005
Frontiers in Oncology | www.frontiersin.org 8 October 2019 | Volume 9 | Article 1031
Erkan et al. Circulating Tumor Markers in Meningiomas
47. Xu Q, Chiao P, Sun Y. Amphiregulin in cancer: new insights for translational
medicine. Trends Cancer. (2016) 2:111–3. doi: 10.1016/j.trecan.2016.02.002
48. Arnli MB, Backer-Grondahl T, Ytterhus B, Granli US, Lydersen S, Gulati S,
et al. Expression and clinical value of EGFR in human meningiomas. PeerJ.
(2017) 5:e3140. doi: 10.7717/peerj.3140
49. Ciccarelli E, Razzore P, Gaia D, Todaro C, Longo A, Forni M, et al.
Hyperprolactinaemia and prolactin binding in benign intracranial tumours.
J Neurosurg Sci. (2001) 45:70–4.
50. Muccioli G, Ghe C, Faccani G, Lanotte M, Forni M, Ciccarelli E. Prolactin
receptors in human meningiomas: characterization and biological role. J
Endocrinol. (1997) 153:365–71. doi: 10.1677/joe.0.1530365
51. Jimenez-Hakim E, el-Azouzi M, and Black PM. The effect of prolactin and
bombesin on the growth of meningioma-derived cells in monolayer culture. J
Neurooncol. (1993) 16:185–90. doi: 10.1007/BF01057032
52. Bisset LR, Schmid-Grendelmeier P. Chemokines and their receptors in the
pathogenesis of allergic asthma: progress and perspective. Curr Opin Pulm
Med. (2005) 11:35–42. doi: 10.1097/01.mcp.0000144502.50149.e0
53. Cheadle EJ, Riyad K, Subar D, Rothwell DG, Ashton G, Batha H, et al. Eotaxin-
2 and colorectal cancer: a potential target for immune therapy. Clin Cancer
Res. (2007) 13:5719–28. doi: 10.1158/1078-0432.CCR-07-1145
54. Jin L, Liu WR, Tian MX, Jiang XF, Wang H, Zhou PY, et al. CCL24
contributes to HCC malignancy via RhoB- VEGFA-VEGFR2 angiogenesis
pathway and indicates poor prognosis. Oncotarget. (2017) 8:5135–48.
doi: 10.18632/oncotarget.14095
55. Ngiow SF, Teng MW, Smyth MJ. A balance of interleukin-12 and−23 in
cancer. Trends Immunol. (2013) 34:548–55. doi: 10.1016/j.it.2013.07.004
56. Tugues S, Burkhard SH, Ohs I, Vrohlings M, Nussbaum K, Vom Berg J,
et al. New insights into IL-12-mediated tumor suppression. Cell Death Differ.
(2015) 22:237–46. doi: 10.1038/cdd.2014.134
57. Kumar R, Kamdar D, Madden L, Hills C, Crooks D, O’Brien D, et al. Th1/Th2
cytokine imbalance in meningioma, anaplastic astrocytoma and glioblastoma
multiforme patients. Oncol Rep. (2006) 15:1513–6. doi: 10.3892/or.15.6.1513
58. Pfister C, Pfrommer H, Tatagiba MS, Roser F. Vascular endothelial
growth factor signals through platelet-derived growth factor receptor
beta in meningiomas in vitro. Br J Cancer. (2012) 107:1702–13.
doi: 10.1038/bjc.2012.459
59. Pistolesi S, Boldrini L, Gisfredi S, De Ieso K, Camacci T, Caniglia M,
et al. Angiogenesis in intracranial meningiomas: immunohistochemical
and molecular study. Neuropathol Appl Neurobiol. (2004) 30:118–25.
doi: 10.1046/j.0305-1846.2003.00516.x
60. Preusser M, Hassler M, Birner P, Rudas M, Acker T, Plate KH, et al.
Microvascularization and expression of VEGF and its receptors in recurring
meningiomas: pathobiological data in favor of anti-angiogenic therapy
approaches. Clin Neuropathol. (2012) 31:352–60. doi: 10.5414/NP300488
61. Stockhammer G, Obwegeser A, Kostron H, Schumacher P, Muigg A, Felber
S, et al. Vascular endothelial growth factor (VEGF) is elevated in brain
tumor cysts and correlates with tumor progression. Acta Neuropathol. (2000)
100:101–5. doi: 10.1007/s004010051199
62. Nowacka A, Smuczynski W, Rosc D, Wozniak-Dabrowska K, Sniegocki M.
SerumVEGF-A concentrations in patients with central nervous system (CNS)
tumors. PLoS ONE. (2018) 13:e0192395. doi: 10.1371/journal.pone.0192395
63. Debinski W, Slagle-Webb B, Achen MG, Stacker SA, Tulchinsky E,
Gillespie GY, et al. VEGF-D is an X-linked/AP-1 regulated putative onco-
angiogen in human glioblastoma multiforme. Mol Med. (2001) 7:598–608.
doi: 10.1007/BF03401866
64. Park SH, Hwang JH, Hwang SK. Change in plasma vascular endothelial
growth factor after gamma knife radiosurgery for meningioma:
a preliminary study. J Korean Neurosurg Soc. (2015) 57:77–81.
doi: 10.3340/jkns.2015.57.2.77
65. Ng LG, Mackay CR, Mackay F. The BAFF/APRIL system:
life beyond B lymphocytes. Mol Immunol. (2005) 42:763–72.
doi: 10.1016/j.molimm.2004.06.041
66. Sakai J, Akkoyunlu M. The role of BAFF system molecules in host
response to pathogens. Clin Microbiol Rev. (2017) 30:991–1014.
doi: 10.1128/CMR.00046-17
67. Krumbholz M, Theil D, Derfuss T, Rosenwald A, Schrader F, Monoranu CM,
et al. BAFF is produced by astrocytes and up-regulated in multiple sclerosis
lesions and primary central nervous system lymphoma. J Exp Med. (2005)
201:195–200. doi: 10.1084/jem.20041674
68. Laubli H, Borsig L. Selectins promote tumor metastasis. Semin Cancer Biol.
(2010) 20:169–77. doi: 10.1016/j.semcancer.2010.04.005
69. Sheu BC, Chang WC, Cheng CY, Lin HH, Chang DY, Huang SC. Cytokine
regulation networks in the cancer microenvironment. Front Biosci. (2008)
13:6255–68. doi: 10.2741/3152
70. Koizumi K, Hojo S, Akashi T, Yasumoto K, Saiki I. Chemokine
receptors in cancer metastasis and cancer cell-derived chemokines
in host immune response. Cancer Sci. (2007) 98:1652–8.
doi: 10.1111/j.1349-7006.2007.00606.x
71. White GE, Iqbal AJ, Greaves DR. CC chemokine receptors and
chronic inflammation–therapeutic opportunities and pharmacological
challenges. Pharmacol Rev. (2013) 65:47–89. doi: 10.1124/pr.111.0
05074
72. Hirai H, Fujishita T, Kurimoto K, Miyachi H, Kitano S, Inamoto S, et al.
CCR1-mediated accumulation of myeloid cells in the liver microenvironment
promoting mouse colon cancer metastasis. Clin Exp Metastasis. (2014)
31:977–89. doi: 10.1007/s10585-014-9684-z
73. Kitamura T, Fujishita T, Loetscher P, Revesz L, Hashida H, Kizaka-Kondoh S,
et al. Inactivation of chemokine (C-C motif) receptor 1 (CCR1) suppresses
colon cancer liver metastasis by blocking accumulation of immature myeloid
cells in a mouse model. Proc Natl Acad Sci USA. (2010) 107:13063–8.
doi: 10.1073/pnas.1002372107
74. Kitamura T, Kometani K, Hashida H, Matsunaga A, Miyoshi H, Hosogi H,
et al. SMAD4-deficient intestinal tumors recruit CCR1+ myeloid cells that
promote invasion. Nature genetics. (2007) 39:467–75. doi: 10.1038/ng1997
75. Yan HH, Jiang J, Pang Y, Achyut BR, Lizardo M, Liang X, et al.
CCL9 induced by TGFβ signaling in myeloid cells enhances tumor
cell survival in the premetastatic organ. Cancer Res. (2015) 75:5283–98.
doi: 10.1158/0008-5472.CAN-15-2282-T
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2019 Erkan, Ströbel, Dorfer, Sonntagbauer, Weinhäusel, Saydam and
Saydam. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Oncology | www.frontiersin.org 9 October 2019 | Volume 9 | Article 1031
